The current application for many potential cell-based treatments for liver failure is limited by the low availability of mature functional hepatocytes. Although adult hepatocytes have a remarkable ability to proliferate in vivo, attempts to proliferate adult hepatocytes in vitro have been less successful. In this study, we investigated the effect of coculture cell type on the proliferative response and the functional activities of hepatocytes. We show, for the first time, a robust proliferative response of primary adult rat hepatocytes when cocultured with mouse 3T3-J2 fibroblasts. Hepatocytes cultured at low density on growth-arrested 3T3-J2 fibroblast feeder layers underwent significantly higher proliferation rates than when cultured on feeder layers made of four other cell types. Increasing colony size correlated with an increase in hepatocellular functions. The proliferating hepatocytes retained their morphologic, phenotypic, and functional characteristics. Using a cell patterning technique, we found that 3T3-J2 fibroblasts stimulate DNA synthesis in hepatocytes by short-range heterotypic cell-cell interactions. When hepatocytes that proliferated in cocultures were harvested and further subcultured either on 3T3-J2 fibroblast feeders or in the collagen sandwich configuration, their behavior was similar to that of freshly isolated hepatocytes. We conclude that adult rat hepatocytes can proliferate in vitro in a coculture cell type-dependent manner, and can be serially propagated by coculturing with 3T3-J2 fibroblasts while maintaining their differentiated characteristics. Our results also suggest that one of the major reasons for the functional differences in hepatocyte cocultures may be due to the different proliferative responses of hepatocytes as a function of coculture cell type. This study provides new insights in the roles of coculture cell types and cell-cell interactions in the modulation of hepatic proliferation and function.
Introduction
Orthotopic liver transplantation is a therapeutic modality for end-stage liver disease. Due to the severe shortage of donor organs, its potential complications, and high cost, many alternate approaches have been attempted to treat acute liver failure, including hepatocyte transplantation (Fox et al., 1998; Muraca et al., 2002; Strom et al., 1997) , and bioartificial liver support systems (Chan et al., 2004; Demetriou et al., 2004) . However, the current application of these potential therapies for liver failure is limited by the low availability of mature functional hepatocytes. Although for certain applications, hepatoma cells, which can be proliferated at will, can be used, they do not express the full range of liver-specific functions that is observed in adult primary hepatocytes.
Adult hepatocytes, the parenchymal cells of the liver, are normally quiescent and do not undergo cell division. However, after two-thirds partial hepatectomy, they rapidly undergo DNA synthesis and start to proliferate, followed by non-parenchymal cells, both of which participate in liver growth to its original size (Taub, 2004) . This full regeneration process has been shown to occur even after 12 sequential hepatectomies (Stocker et al. 1973) . Previous studies have also demonstrated that serially transplanted adult hepatocytes in a mouse model repopulated the liver (Overturf et al., 1997) , indicating their high proliferative capacity in vivo.
Attempts to proliferate adult hepatocytes in vitro have not been nearly as successful. All published work using adult hepatocytes, whether for in vitro investigations or preclinical studies, has used primary cells isolated from an animal source. Although several previous studies have reported that DNA synthesis in cultured hepatocytes was enhanced by growth factors or coculturing with other cell types (Block et al., 1996; Kang et al., 2004; Michalopoulos et al., 1982; Mizuguchi et al., 2001; Richman et al., 1976; Shimaoka et al., 1987; Uyama et al., 2002) , only in a few cases did these reports demonstrate actual cell division, and the proliferation was not precisely controlled or characterized.
Adult hepatocytes cocultured with other cell types have been shown to retain viability and function (Fraslin et al., 1985; Guguen-Guillouzo et al., 1983) through mechanisms dependent on heterotypic cell-cell contacts (Bhatia et al., 1998; Mesnil et al., 1987) . Hepatocyte morphology and function varies somewhat depending on coculture cell type (Goulet et al., 1988; Khetani et al., 2004) . In particular, murine 3T3-J2 fibroblasts appear to induce higher liverspecific functions in rat hepatocytes than any other coculture cell type (Bhatia et al., 1999) . In addition, compared to the collagen gel sandwich configuration (Dunn et al., 1989) , the hepatocyte/3T3-J2 fibroblast coculture has been shown to produce approximately 5-10 times higher liver-specific functions on a per cell basis, depending on hepatocyte to fibroblast seeding ratios. However, the reason for the seemingly very high expression of liver-specific function by hepatocytes cocultured with 3T3-J2 fibroblasts was not known.
Recently, we reported that hepatocytes increase in number in these cocultures, especially when the hepatocyte to fibroblast seeding ratio is low . Herein we characterized the proliferative response of adult rat hepatocytes cocultured with 3T3-J2 fibroblasts. We also investigated the impact of coculture cell type, and used a cell patterning technique to better understand the role of heterotypic interactions in the proliferative response. We found that adult rat hepatocytes proliferate on 3T3-J2 fibroblast feeder layers and that the proliferative responses of hepatocytes varied as a function of coculture cell type. Remarkably, hepatocytes undergoing proliferation maintained albumin expression so that total secretion in the culture increased continuously over time. Hepatocytes isolated from cocultures behaved similarly to freshly isolated hepatocytes from rat livers: when seeded onto new 3T3-J2 feeder layers, they continued to proliferate, and when seeded in a collagen sandwich, they stopped proliferating and maintained long-term stable function. These results demonstrate that 3T3-J2 fibroblasts not only maintain adult rat hepatocytes in a differentiated stage in culture, but also stimulate the proliferation of these cells in vitro.
Materials and Methods

Hepatocyte Isolation and Culture
Murine 3T3-J2 fibroblasts (purchased from Howard Green, Harvard Medical School, Boston, MA), were maintained in T175 tissue culture flasks in DMEM (Gibco, Gaithersburgh, MD) plus 10% FBS and 2% penicillin and streptomycin. After reaching confluence, 3T3-J2 fibroblasts were growtharrested by treatment with 12 mg/mL of mitomycin-C (Sigma Chemical Co., St. Louis, MO) for 2.5 h. After incubation, the cells were washed with PBS (Sigma Chemical Co.), trypsinized, and plated into 35-mm tissue culture dishes at confluency (0.8 Â 10 6 cells/35-mm dish) in 2 mL of fibroblast medium prior to seeding hepatocytes.
Hepatocytes were isolated from adult female Lewis rats (Charles River Laboratories, Wilmington, MA) weighing 150-200 g, using a two-step collagenase perfusion procedure as described previously (Dunn et al., 1989) . Hepatocyte viability after isolation (approximately 200-300 million hepatocytes) was greater than 90% as determined by trypan blue exclusion. Hepatocytes were routinely seeded at a low density of 1.25 Â 10 3 cells/cm 2 on all feeder layers in 35-mm tissue culture dishes containing 1 mL of hepatocyte culture medium. In some cases (hepatocyte/3T3-J2 fibroblast cocultures) a higher hepatocyte seeding density (15.63 Â 10 3 cells/cm 2 ) was used to study the effect of initial cell density on hepatocyte proliferation and functions. Culture medium was changed daily and medium samples were collected for functional analysis. Hepatocyte culture medium consisted of DMEM supplemented with 10% fetal bovine serum (Gibco), 7 ng/mL glucagon (Bedford Laboratories, Bedford, OH), 7.5 mg/mL hydrocortisone (Pharmacia Corporation, Kalamazoo, MI), 0.5 U/mL insulin (Eli Lilly, Indianapolis, IN), 20 ng/mL epidermal growth factor (Sigma Chemical Co.), 200 U/mL penicillin, and 200 mg/mL streptomycin (Gibco).
To assess the effect of coculture cell type, murine 3T3-J2 fibroblasts were substituted by murine NIH-3T3 fibroblasts (purchased from ATCC, Manassas, VA), murine embryonic fibroblasts (MEF; purchased from ATCC), rat heart microvascular endothelial cells (MVEC; purchased from VEC Technologies, Rensselaer, NY), or rat liver sinusoidal endothelial cells (LSEC) at the same seeding density (0.8 Â 10 6 cells/35-mm dish). LSEC were isolated from the nonparenchymal fraction of the rat liver using a two-step Percoll gradient separation, following the procedure of Zhang et al. (1997) . All these cells were maintained in fibroblast medium and were growth-arrested by mitomycin-C treatment prior to seeding hepatocytes, except for MVEC and LSEC, which were maintained in hepatocyte culture medium containing 10 ng/mL vascular endothelial growth factor (VEGF, R&D Systems, Minneapolis, MN) since they die if they are treated by mitomycin-C. As a control, hepatocytes were cultured alone at a low density of 1.25 Â 10 3 cells/cm 2 on collagen coated surfaces without cocultures. Type I collagen stock solution (1.1 mg/mL) was prepared from rat tail tendon as described previously (Dunn et al. 1989) . To prepare collagen coated surfaces, tissue culture dishes (35-mm) were coated with 1 mL of type I rat tail collagen solution diluted 1:10 (0.11 mg/mL) in distilled water for 30 min at 378C. After rinsing the dishes twice with PBS, hepatocytes were seeded at the low density in 1 mL hepatocyte culture medium.
Cell Patterning With a Microfabricated PDMS Stencil
To better understand the role of heterotypic cell-cell interactions on hepatocyte proliferation in cocultures, a cell patterning technique was used. Polydimethylsiloxane (PDMS) stencils with different circular hole sizes (300 or 1,000 mm in diameter; $300 mm thick) were made by the procedure modified from Ostuni et al. (2000) . The PDMS prepolymer was made from a mixture of Sylgard 184 Silicone Elastomer Base and Curing Agent at 10:1 ratio (Sylgard 184 kit, Dow Corning, Midland, MI). The distance between the circular center holes was approximately 600 mm for 300 mm island patterns and 1,500 mm for 1,000 mm island patterns. Briefly, tissue culture dishes (35-mm) were coated with a solution of collagen type I for 30 min at 378C and dried for 1hr within a laminar flow hood after washing with PBS. Stencils were applied to the dishes, covered with DMEM, and the air bubbles removed by gentle pipetting. Prior to cell seeding, DMEM was replaced with hepatocyte culture medium. Cell suspension (1 Â 10 5 hepatocytes/mL) was added into the stencil, and incubated for 24 h at 378C. After peeling off the stencil, cultures were washed with DMEM twice to remove unattached cells. The second cell suspension (growth-arrested 3T3-J2 fibroblasts) was seeded into the dishes at a density of 1 Â 10 5 cells/cm 2 , and culture medium was changed daily.
Subculture of Proliferated Hepatocytes
Long-term cultures of hepatocytes (35 days after seeding) were treated with collagenase (1 mg/mL; Sigma Chemical Co.) and dispase (1 mg/mL; Gibco). The cell suspension ($10 mL) was placed in a 15 mL tube held vertically and the cells allowed to settle down at the bottom of the tube (about 2 min). The supernatant, which contained most of the nonparenchymal cells, was discarded. The cells at the bottom, mostly hepatocytes, were collected and treated with trypsin for 5 min with gentle pipetting to achieve a single-cell suspension, the cells were counted in a hemacytometer and replated either on another growtharrested fibroblast feeder layer, or in a collagen-sandwich configuration (Dunn et al., 1989 (Dunn et al., , 1991 . For the feeder layer culture, the cells were handled similarly to freshly isolated hepatocytes.
To prepare collagen gel sandwich culture, 12-well plates were coated with 0.25 mL of a pre-mixed solution made of nine parts of type I rat tail collagen (1.1 mg/mL in 1 mM HCl) and 1 part 10Â DMEM, and incubated for 1 h at 378C to form a collagen gel. After gelation, approximately 0.5 Â 10 6 hepatocytes/well in 0.5 mL hepatocyte culture medium were seeded, and incubated in 90% air/10% CO 2 at 378C. To achieve uniform cell attachment, the substrates were shaken every 15 min for the first hour after seeding. The following day, the culture medium was aspirated, and a second similar collagen gel was overlaid onto the hepatocytes and incubated for 1 h at 378C. After gelation, 0.5 mL of hepatocyte culture medium was applied.
Immunofluorescence and Immunohistochemical Staining
For immunofluorescence staining, cultures in 35-mm dishes were washed twice with phosphate-buffered saline (PBS), fixed in 2% paraformaldehyde in PBS at room temperature for 20 min, washed twice in PBS, followed by addition of 0.2% Triton X-100 in PBS to permeabilize cells for intracellular staining. After 5 min of incubation at room temperature, the cells were washed twice in PBS and incubated in blocking buffer (PBS/20% FBS) for 60 min at room temperature to block non-specific antibody binding. After incubation, the cells were stained for 1 h at room temperature with rabbit anti-rat albumin (ICN Pharmaceuticals, Aurora, OH). After washing twice in blocking solution, the cells were incubated with FITC conjugated anti-rabbit IgG (ICN Pharmaceuticals) for 60 min at room temperature, and washed twice at room temperature. For the distribution of actin microfilaments, cells were stained by incubating fixed and permeabilized cultures with 0.1 mg/mL rhodamine phalloidin (Sigma Chemical Co.) for 30 min. In some cases, cells were counterstained with 4, 6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA) for nuclear staining to count number of hepatocyte nuclei. Cells were visualized by fluorescence microscopy on a Zeiss 200 Axiovert microscope (Zeiss, Thornwood, NY) using an AxioCAM MRm digital camera.
For immunohistochemical staining, the fixed and permeabilized cultures were incubated with 0.3% hydrogen peroxide in methanol for 30 min followed by incubation in blocking buffer for 30 min. The primary antibody (rabbit anti-rat albumin) was applied for 30 min. For diaminobenzidine (DAB) staining, a biotinylated anti-rabbit secondary antibody (Vector Laboratories, Burlingame, CA) was used followed by a streptavidin conjugated horseradish peroxidase (Vector laboratories). Reaction was stopped with distilled water. All incubations were performed at room temperature. The glycogen storage was detected by periodic acid-Schiff (PAS) reaction (Sigma Chemical Co.).
BrdU Incorporation
The cells were incubated with 10 mM bromodeoxyuridine (BrdU; Sigma Chemical Co.) in the culture medium for 24 h at 378C, fixed in 70% ethanol for 45 min at room temperature, then treated with 4N HCl for 20 min at room temperature to denature DNA. After incubation in blocking buffer for 30 min, the cells were stained for 60 min at 378C with anti-BrdU-Alex594 (Invitrogen). The preparations were analyzed as described above.
Functional Assay
The culture medium samples were collected and stored at À208C for analysis of albumin and urea content. The albumin content was determined by enzyme-linked immunosorbent assay (ELISA) using purified rat albumin and a peroxidase-conjugated antibody (MP Biomedicals, Aurora, OH). Urea content was determined with a commercially available kit (StanBio Laboratory, Boerne, TX). Standard curves were generated using purified rat albumin or urea dissolved in culture medium. Absorbances were measured with a Thermomax microplate reader (Molecular Devices, Sunnyvale, CA).
Quantification of Hepatocyte Proliferation
To distinguish between hepatocytes and fibroblasts in cocultures, hepatocytes were labeled with fluorescein isothiocyanate (FITC) for cytoplasmic albumin staining and with DAPI for nuclear staining. Individual hepatocytes could be easily distinguished as membrane borders were clearly visible. Cell proliferation was quantified by counting the number of hepatocyte nuclei in each hepatocyte colony on microscopic images captured during culture periods. Five different fields per dish were captured and analyzed, and the results averaged. Two to three independent experiments were performed in duplicate. A multinucleated hepatocyte was counted as a single cell. Counted cell numbers were normalized to average number of initial isolated cells seeded on feeder layer at day 1.
Statistical Analysis
Data are expressed as the mean AE standard deviation (SD). Statistical significance was determined by a two-tailed Student's t-test ( Ã P < 0.05; ÃÃ P < 0.005).
Results
To investigate the proliferative response and function of hepatocytes in coculture, isolated primary adult hepatocytes were seeded at low density on growth-arrested 3T3-J2 fibroblast feeder layers. Hepatocytes cultured alone on collagen coated dishes were included for comparison. Cultures were stained for cytoplasmic albumin and nuclear BrdU to identify differentiated and proliferating hepatocytes. Furthermore, cocultures were stained for filamentous actin with rhodamine phalloidin to assess the distribution of actin microfilaments, a rough indicator of cellular polarity and organization.
3T3-J2 Fibroblasts Stimulate the Proliferation of Primary Adult Hepatocytes
As shown in Figure 1A , hepatocytes cultured alone without 3T3-J2 cells on collagen coated surfaces tended to spread, and exhibited a dispersed distribution of stress fibers following which they deteriorate and die. Immunohistochemical analysis for albumin synthesis showed a very low level of albumin expression in the cytoplasm, indicating the loss of their hepatic characteristics. In contrast, hepatocytes cocultured with 3T3-J2 fibroblasts exhibited polygonal morphology with distinct nuclei and well-demarcated cell-cell borders. Notably, a highly proliferative response by hepatocytes was observed on 3T3-J2 fibroblast feeder layers (Fig. 1B) . Hepatocyte colonies increased in size during culture periods and the number of hepatocytes per colony appeared to increase as well. To assess the hepatocellular characteristics of the proliferating hepatocytes, we performed immunofluorescence and immunohistochemical analysis for albumin synthesis and glycogen storage, as well as for actin filament distribution. The proliferating hepatocytes exhibited morphologic, phenotypic, and functional characteristics of mature hepatocytes. Expression of albumin (mature hepatocyte marker) was observed throughout the colonies and BrdU (DNA synthesis marker) incorporation was observed in many hepatocytes (Fig. 1C) .
As shown in Figure 1D , actin microfilaments within the hepatocytes were highly localized to the cell periphery, as it is the case in intact liver and other long-term stable hepatocyte culture systems. Immunohistochemical analysis after 27 days in culture showed strong and uniform albumin expression and glycogen storage in the cytoplasm, indicating the maintenance of their characteristic morphology and function. In contrast, conditioned media obtained from 3T3-J2 fibroblasts failed to maintain hepatic characteristics (data not shown), consistent with previous reports (Kuri-Harcuch and Mendoza-Figueroa, 1989; Shimaoka et al., 1987) .
To quantify the proliferation of hepatocytes cocultured with 3T3-J2 fibroblasts, the average number of hepatocytes per colony was counted and normalized to initial cell number. Over the 28 days of culture, the highest growth rate was observed over the first 7 days of culture, with an 8.2-fold increase in hepatocyte number ( Fig. 2A) . This corresponds to about three population doublings, and 2.3 days per population doubling. In the first 14 days of culture, the proliferation rate observed was a 35-fold increase in hepatocyte number. This corresponds to about five population doublings, and 2.5 days per population doubling. The growth rate decreased after day 14 with the increase of colony size and cell density. In contrast, when the hepatocytes were cultured alone, there was a decrease in the number of hepatocytes throughout the culture period. The albumin secretion of hepatocytes when cocultured with 3T3-J2 fibroblasts increased continuously for up to 28 days of culture, which correlated with the increasing number of hepatocytes seen in these cultures (Fig. 2B) . The hepatocytes cultured alone lost their functional characteristics rapidly, consistent with previous reports (Khetani et al., 2004) . Figure 2C shows the relationship between hepatocyte colony size and albumin secretion by hepatocytes in coculture throughout the culture periods. There was a linear relationship between the colony size and function of hepatocytes in coculture. As the hepatocyte colony size increased, the albumin secretion increased. To examine how hepatocyte seeding density affects function and proliferation, hepatocyte cultures seeded in sparse culture were compared to those in dense culture. In dense culture, albumin secretion increased for only 7-10 days of culture and then reached a plateau (Fig. 2D) . We observed high proliferation of hepatocytes in sparse culture, whereas dense culture presented low proliferative activity (data not shown), consistent with functional activities. These results in dense culture are consistent with our previous report , which showed that hepatocytes increase in number in these cocultures when the hepatocyte to fibroblast seeding ratio is low. Taken together, these results suggest that hepatocyte number and total albumin secretion increase over time and ultimately tend toward a maximum per culture. As a result, more proliferation is seen in sparsely seeded cocultures.
Heterotypic Cell-Cell Contact Induces Hepatocellular DNA Synthesis
To investigate whether heterotypic cell-cell contact induces DNA synthesis in hepatocytes, hepatocytes were patterned as 1,000 mm islands using a PDMS stencil. After peeling off the stencil, growth-arrested 3T3-J2 fibroblasts were seeded in the dishes. The hepatocytes were double-stained for Hepatocytes were sparsely seeded (1.25 Â 10 3 cells/cm 2 ) to better visualize individual hepatocyte colonies. A: Morphology, F-actin distribution, and albumin staining in hepatocytes cultured alone after 6 days of culture. B: Phase contrast images of the same single hepatocyte colony observed after 1, 6, and 14 days of culture in hepatocyte/3T3-J2 fibroblast coculture. Arrow points to hepatocyte colony 1 day after seeding. The dashed circles indicate the morphology of proliferating hepatocytes captured at the same location during culture periods. Scale bar, 100 mm. C: Albumin (mature hepatocyte marker) staining and BrdU (DNA synthesis marker) uptake after 8, 14, and 25 days of culture. Scale bar, 100 mm. D: Immunofluorescence and immunohistochemical analysis for actin filament distribution, albumin synthesis, and glycogen storage on day 27. albumin and BrdU. A higher concentration of BrdU positive hepatocytes was observed at the boundaries of the hepatocyte islands, where hepatocytes directly contact the 3T3-J2 fibroblasts (Fig. 3B ,C and E,F). Note that there was minimal BrdU staining outside of the hepatocyte areas (as delimited by albumin staining), which were covered with growth-arrested 3T3-J2 cells. Similar results were observed in a doughnut-shape hepatocyte island (Fig. 3G-L) . These results suggest that hepatocyte DNA synthesis is likely induced by heterotypic cell-cell interactions between hepatocytes and 3T3-J2 fibroblasts.
Among Five Coculture Cell Types, 3T3-J2 Fibroblasts Lead to the Greatest Hepatocyte Proliferative Response
To assess the effect of coculture cell type on the proliferative response and function of hepatocytes, five different cell types (3T3-J2, NIH-3T3, MEF, LSEC, and MVEC) were compared as feeder layers. Figure 4A shows the typical hepatocyte colony size stained by albumin on each feeder layer after culturing hepatocytes at low density for 14 days. The average number of hepatocytes per colony was significantly greater in 3T3-J2 cocultures compared to cocultures with four other cell types (Fig. 4B) . Hepatocyte proliferation was unnoticeable in MVEC cocultures. The number of hepatocytes on the various feeder layer cell types (3T3-J2, NIH-3T3, MEF, LSEC, and MVEC) increased approximately 35-, 14-, 7-, 6-, and 1.5-fold, respectively, after 14 days (Fig. 4C) . These correspond to about 5, 3.8, 2.8, 2.6, and 0.7 population doublings, respectively over the 14 days of culture. Total albumin secretion was also significantly higher in 3T3-J2 cocultures compared to the four other cocultures (Fig. 4D) . Similar trends were observed for urea synthesis (Fig. 4E) . Figure 4F and G shows the relationship between the hepatocyte colony sizes and the liver specific functions. There was a linear relationship between hepatocyte growth and albumin secretion or urea synthesis. These results indicate that increasing colony size correlates directly with an increase in hepatocellular functions.
To precisely monitor the proliferative response of hepatocytes in these cocultures, hepatocytes were patterned as 300 mm islands using a PDMS stencil, and cocultured with 3T3-J2 fibroblasts or LSEC. After 13 days of culture, hepatocyte island sizes in LSEC cocultures were much smaller than in 3T3-J2 fibroblast cocultures (Fig. 5) . Compared to the initial island size of 300 mm, the hepatocyte island size increased $2.5-fold in LSEC cocultures and $6.6-fold in 3T3-J2 cocultures. For a given cell type, similar hepatocyte proliferation was seen in all islands within a pattern ( Fig. 5B and C) .
Subcultured Hepatocytes Maintain Proliferative Capacity and Hepatocyte-Specific Characteristics
To investigate whether proliferated hepatocytes retain proliferative capacity and hepatocyte-specific characteristics, hepatocytes cocultured with 3T3-J2 cells for 35 days were isolated from the culture dishes by enzymatic treatment and replated either at low density on 3T3-J2 fibroblast feeder layers to assess proliferative capacity or at high density in the collagen sandwich configuration to assess albumin secretion. Hepatocytes replated in collagen gel sandwiches secreted albumin at a constant rate after 10 days in culture (Fig. 6A) , and showed morphological characteristics similar to those seen in freshly isolated rat primary hepatocytes cultured in the same configuration (Fig. 6B) . Hepatocytes replated on 3T3-J2 feeder layers started to proliferate by forming colonies that increased in size over time (Fig. 6C) . Albumin secretion increased continuously for 30 days after subculture. These cultures also exhibited distinct nuclei, well-demarcated cellcell borders, uniform albumin staining, and some cells were BrdU-labeled (Fig. 6D ). Overall these subcultures were similar to those obtained by seeding freshly isolated hepatocytes onto 3T3-J2 feeder layers.
Discussion
Results of this study indicate that 3T3-J2 fibroblasts stimulate a high level of proliferation of adult rat ) in a collagen sandwich configuration, or at low density ($1.25 Â 10 3 cells/cm 2 ) on growth arrested 3T3-J2 fibroblast feeder layers. A: Albumin secretion in the subcultures. B,C: Morphology of hepatocytes in the subcultures. Scale bar, 100 mm. D: Morphology of hepatocytes cocultured on 3T3-J2 fibroblast feeder layer in the subculture on day 39 (4 days after replating), day 47 (12 days after replating), and day 63 (28 days after replating), and double staining for albumin expression and BrdU incorporation on day 63 (28 days after replating). Scale bar, 100 mm.
hepatocytes in vitro. The proliferating hepatocytes retained their morphologic, phenotypic, and functional characteristics. The proliferative responses of hepatocytes varied depending on coculture cell type. Using a cell patterning technique, we found that BrdU labeling of hepatocytes was primarily concentrated at the boundaries of hepatocyte islands, in the vicinity of the 3T3-J2 fibroblasts, suggesting a role for heterotypic cell-cell interactions in the hepatocyte proliferative response. When the hepatocytes that proliferated in cocultures were harvested and further subcultured either on 3T3-J2 fibroblast feeder layers or in the collagen sandwich configuration, their behavior was similar to that of freshly isolated hepatocytes. To our knowledge, this is the first report showing that adult rat hepatocytes can be serially propagated by coculture with 3T3-J2 fibroblasts while maintaining their differentiated characteristics in vitro.
It is known that hepatocyte morphology and function varies depending on coculture cell type (Bhatia et al., 1999; Goulet et al., 1988; Khetani et al., 2004) . However, the reason for the differences in their morphologic and functional characteristics in cocultures is not known. Our results strongly suggest that one of the major reasons for the differences may be due to the different proliferative responses of hepatocytes as a function of coculture cell type. 3T3-J2 feeder layers induced significantly higher hepatocyte proliferation than feeder layers made of four other cell types. Increasing colony size correlated with an increase in hepatocellular functions. Other possible explanations for this phenomenon include variations in cell signaling, growth factor release, ECM deposition, and protein production. Further studies are necessary to address the underlying mechanisms that control hepatocyte proliferation in cocultures.
The normally quiescent liver has a remarkable ability to regulate its total mass. After two-thirds partial hepatectomy in the rat, the liver regenerates its original volume within 7-10 days, which involves 2-3 hepatocyte doublings (Fausto, 2001; Michalopoulos and DeFrances, 1997) . Although liver regeneration is a well documented phenomenon, questions regarding the proliferative capacity of adult hepatocytes remain. Interestingly, hepatocyte transplantation experiments in mouse models suggest an enormous proliferative potential of adult hepatocytes (Overturf et al., 1997; Rhim et al., 1994) . Serially transplanted hepatocytes in fumarylacetoacetate hydrolase (FAH)-deficient mice could repopulate more than 70 times, showing stem cell-like regenerative capacity. These findings raised the question whether hepatic stem cells with high regenerative capacity may be responsible for the serial repopulation. However, there was no evidence for a role of hepatic stem cells (Overturf et al., 1999) . Furthermore, the results showed that small, mononucleated hepatocytes ($16 mm) repopulated significantly less well than larger and probably older hepatocytes ($27 mm). These findings suggested that adult hepatocytes have a remarkable ability to proliferate in vivo and that it may be possible to propagate these cells in vitro as well. In contrast with the in vivo data, prior in vitro studies have shown that small hepatocytes have a higher proliferative ability either in an enriched culture medium supplemented with nicotinamide and epidermal growth factor or when cocultured with nonparenchymal cells (Mitaka et al., 1995 (Mitaka et al., , 1999 Tateno et al., 2000) . Block et al. (1996) reported that mature adult hepatocytes can undergo DNA synthesis in chemically defined medium while they lose hepatocyte-specific characteristics. However, these studies utilized different culture systems which involved either monolayer cultures or cocultures with different types of cells, and different culture media, and thus are difficult to compare with our own results.
Although adult hepatocytes have a remarkable ability to proliferate in vivo, attempts to proliferate adult hepatocytes in vitro have been less successful. Primary adult hepatocytes have been known to have low mitotic activity in vitro. The low availability of mature, functional hepatocytes is a major drawback for potential therapies using this cell type. Several culture systems have been utilized for the maintenance of hepatocyte-specific functions, including the collagen sandwich configuration (Dunn et al., 1989) , spheroid culture (Landry et al., 1985) , matrigel culture (Bissell et al., 1987) , or dimethylsulfoxide (DMSO)-supplemented culture medium (Isom et al., 1985; Kost and Michalopoulos, 1991) . However, these systems did not exhibit any significant rate of replication, and it appeared that hepatocytes were unable to fully respond to growth factor signals. Many studies have been focused on alternative sources of cells, such as hepatic progenitors (Wang et al., 2003) , hematopoietic stem cells Schwartz et al., 2002) , embryonic stem cells (Asahina et al., 2004; Chinzei et al., 2002; Cho et al., 2008; Hamazaki et al., 2001) , immortalized hepatocytes (Kobayashi et al., 2000) , or liver-tumor-derived cell lines (Ellis et al., 1996) , but have had limited success, primarily due to insufficient functionality.
In our study, we found that adult hepatocytes cocultured with fibroblasts (3T3-J2) exhibited high proliferative activity. Based on Figure 2A , the highest proliferation rate was observed over the first 7 days of culture, with an 8.2-fold increase in cell number. This corresponds to about three population doublings, and 2.3 days per population doubling. Over the 14 days of culture, the proliferation rate was about five population doublings with a 35-fold increase in cell number, which corresponds to 2.5 days per population doubling. This proliferation rate is similar to estimated in vivo rates. For example, the rat liver takes 7-10 days for regeneration after two-thirds partial hepatectomy, yielding 2.5 days per population doubling. The proliferation rate decreased dramatically after day 14, which may reflect an inhibitory effect of increasing cell density, since brisk proliferation resumed upon subculture (Fig. 6) . We envision that this culture system could have clinical application. For example, in designing a clinically scaled bioartificial liver device, approximately 10 10 hepatocytes are necessary to support a patient with acute liver failure, which is a critical limitation in the application for many cell-based therapies for liver failure. Using this culture system, in vitro hepatocyte proliferation could potentially reduce the initial number of required hepatocytes.
In this study we showed that the proliferative activities of hepatocytes were high in sparse culture, but low in dense culture. It has been reported that the cell cycle of hepatocytes is regulated by cell density and cell-cell interactions Corlu et al., 1997; Michalopoulos et al., 1982; Nakamura et al., 1983a; Sand et al., 1977) . There was an inverse relationship between DNA synthesis and cell density. Nakamura et al. (1983b) suggested that the reciprocal regulations of cell growth and hepatic characteristics are mediated by a cell surface component of the plasma membrane via direct cell-cell contact. The mechanism of density-dependent regulation on hepatocyte growth might also consist of soluble inhibitors secreted by the hepatocytes into the culture medium. The molecular mechanisms whereby cell-cell contacts regulate cell growth are still unknown.
Micropatterning of cells and proteins has been widely used for studying and controlling cell behavior (Bhatia et al., 1999; Chen et al., 1997; Folch and Toner, 2000; Park et al., 2007; Singhvi et al., 1994) . In this study, we employed cell patterning to better understand the role of heterotypic cellcell interactions on hepatocyte proliferation in the coculture system. This patterning technique was extremely useful to demonstrate the role of heterotypic cell-cell interactions in DNA synthesis of hepatocytes. Interestingly, DNA synthesis of hepatocytes was mostly concentrated where hepatocytes are in close proximity to the 3T3-J2 fibroblasts, suggesting that 3T3-J2 stimulate DNA synthesis by heterotypic cell-cell interactions. This patterning technique can be a useful experimental tool for applications in basic studies, drug screening, and tissue engineering.
To apply this coculture system for clinical use, further development would be needed for expanding human hepatocytes while avoiding exposure to potential animal pathogens. For example, FACS sorting techniques after expanding hepatocytes in coculture systems could be used to isolate the hepatocytes and eliminate cells from other species. Preferably, the use of human fibroblast feeder layers as an alternative to mouse fibroblast feeder layers would be the next step to yield a methodology for expanding human hepatocytes in an animal-free culture system. In summary, our results clearly show that it is possible to expand hepatocytes in vitro several fold without losing their liver-specific characteristics. Thus, our results suggest that hepatocyte culture on 3T3-J2 fibroblast feeder layers is a promising system for in vitro proliferation and the maintenance of differentiated functions of hepatocytes. The mature, functional hepatocytes obtained from such cocultures may become a reliable source of cells for hepatocyte transplantation therapies, the development of bioartificial liver support systems, drug screening, and gene therapy.
